Drosophila melanogaster males transfer seminal fluid proteins along with sperm during mating. Among these proteins, Acps (Accessory gland proteins) from the male's accessory gland induce behavioral, physiological and lifespan reduction in mated females and mediate sperm storage and utilization. A previous evolutionary EST screen in D. simulans identified partial cDNAs for 57 new candidate Acps. Here we report the annotation and confirmation of the corresponding Acp genes in D.
Introduction
Acps induce a variety of physiological, behavioral and reproductive changes when transferred to the female. Between 25-150 Acps were initially thought to be transferred to the female during mating (Coulthart and Singh, 1988; Ingman-Baker and Candido, 1980; Schmidt, 1985; Whalen and Wilson, 1986; Wolfner et al., 1997) .
Males lacking Acps have impaired fertility, indicating that Acps perform important reproductive functions (Kalb et al., 1993; Xue and Noll, 2000) . Specifically, Acps cause females to increase their egg-production, egg-laying and ovulation rates, decrease their propensity to remate, store and utilize sperm (reviewed in Chapman and Davies, 2004; Wolfner, 2002) . Acps also participate in formation of the mating plug (Lung and Wolfner, 2001) and mediate a decrease in the mated female's lifespan (Chapman et al., 1995) . Genetic analyses have revealed the functions of four Acps thus far. Acp26Aa (ovulin) is a prohormone that triggers an increase in ovulation rate (Heifetz et al., 2000; Herndon and Wolfner, 1995) . Acp36DE is a glycoprotein that is essential for sperm storage (Neubaum and Wolfner, 1999) , by regulating sperm accumulation into storage (Bloch Qazi and Wolfner, 2003) . Acp70A (sex peptide) induces egg-laying and decreases females' receptivity to remating; it also contributes to the cost of mating to females (Aigaki et al., 1991; Chapman et al., 2003; Chen et al., 1988; Liu and Kubli, 2003; Wigby and Chapman, 2005) . Acp62F is a trypsin protease inhibitor that localizes to the sperm storage organs of mated females and has been suggested to preserve sperm viability (Lung et al., 2002) . Acp62F also enters the female's circulation and is toxic to flies upon repeated ectopic expression, suggesting a possible role in the lifespan cost-of-mating (Lung et al., 2002) . In addition, the transfer of antimicrobial Acps to the female (Lung et al., 2001) and the Acp-induced up-regulation of antimicrobial peptides in mated females (Lawniczak and Begun, 2004; McGraw et al., 2004) suggests that Acps may contribute to a female's immune defense. Altogether, Acps appear to participate in a complex set of interactions by competing/cooperating with seminal fluid proteins of other males (Clark et al., 1995; Clark et al., 1999; Prout and Clark, 1996; Snook and Hosken, 2004) , receptors present in the female or on sperm, and pathogens. To better understand this diverse set of interactions of Acps it is important to fully characterize the Acps involved and examine their evolutionary dynamics.
Initially, 18 Drosophila melanogaster Acps had been identified from multiple screens (Chen et al., 1988; Simmerl et al., 1995; Wolfner et al., 1997) ; however this was far below the predicted 25-150 Acps (Civetta and Singh, 1995; Ingman-Baker and Candido, 1980; Schmidt, 1985; Whalen and Wilson, 1986; Wolfner et al., 1997) . In an extensive screen (Swanson et al., 2001a) , 57 new candidate Acps were identified from partial gene sequencing of ESTs obtained from a D. simulans accessory gland cDNA library. These 57 candidate Acps, plus the 18 previously identified, led to 75 putative Acps. Statistical analysis of the frequency of multiple isolates predicted that these genes represented approximately 90% of the total number of Acp genes (Swanson et al., 2001a) . The SWANSON et al. (2001a) EST screen identified Acps from partial gene sequencing and from a species in which genetic analysis is not routine, D. simulans. Because it is important to obtain the complete sequence of these genes in a species in which genetic analysis is possible, we obtained and report here the D. melanogaster orthologs of the 57 D. simulans Acp candidates. Our RT-PCR and bioinformatic analyses determined that 34 of the candidate 57 Acps identified by SWANSON et al. (2001a) have sequences suggestive of encoding extracellular proteins and expression patterns suggestive of encoding Acps. This resets the total number of D. melanogaster Acps identified to 52 (34 + 18 previously identified).
An unusually high fraction of the genes encoding Acps show signs of positive selection (Aguadé, 1999; Aguadé et al., 1992; Begun et al., 2000; Cirera and Aguadé, 1997; Kern et al., 2004; Kohn et al., 2004; Panhuis et al., 2003; Stevison et al., 2004; Tsaur and Wu, 1997) . Acps, as a class, evolve at about twice the rate of nonreproductive proteins (Civetta and Singh, 1995; Swanson et al., 2001a; Whalen and Wilson, 1986) . Swanson et al. (2001a) found that approximately 11% of the partially sequenced ESTs they identified have an excess of non-synonymous over synonymous nucleotide changes, suggesting divergence of these genes is being accelerated by positive selection. Three selective forces are predicted to drive the generation of sequence diversity of Acps: female sperm preference (Eberhard and Cordero, 1995), sperm competition (Clark et al., 1995) , and sexual conflict (Rice, 1984) . Previous evolutionary analyses of Acps focused on some of the initially identified 18 Acps (Aguadé, 1999; Aguadé et al., 1992; Begun et al., 2000; Cirera and Aguadé, 1997; Kern et al., 2004; Tsaur and Wu, 1997) . Here we present a detailed examination of the molecular evolution of the entire set of stringently selected and annotated 52 Acps.
We performed sequence based comparisons of these D. melanogaster Acps with their orthologs in three Drosophila species (D. simulans, D. yakuba, and D. pseudoobscura) . This allowed us to determine levels of codon bias, rates of gene duplication, and levels of sequence divergence among three members of the D. melanogaster subgroup (D. melanogaster, D. simulans, and D. yakuba) and, via ortholog detection, which Acps are conserved between D. melanogaster and D. pseudoobscura. These evolutionary analyses demonstrate that Acps represent a combination of divergent and conserved proteins which undergo different patterns of sequence evolution.
Materials and Methods

Annotation of D. melanogaster orthologs of D. simulans Acp-ESTs
We sequenced D. simulans Acp ESTs (Swanson et al., 2001a) Candidate Acp genes were then examined for accessory gland-specific expression. Eighteen previously identified Acps (Chen et al., 1988; Simmerl et al., 1995; Wolfner et al., 1997) (Wolfner et al., 1997) ) has 32 testes EST hits, but has been shown by Western blots to be an accessory gland-specific protein (Bertram et al., 1996; Wolfner et al., 1997) . These differences may result from low-level contamination by accessory gland fragments or cells in the large scale testes preparations for the EST project or may indicate that Acp36DE is transcribed, but not translated, in the testes. Consistent with such models, all 15 Acp antibodies thus far generated detect exclusively accessory gland-specific proteins, even though nine of fifteen genes (CG8982 (Acp26Aa), CG4605 (Acp32CD), CG7157 (Acp36DE), CG6289, CG8137, CG9334, CG17575, CG1656, CG9029) (Bertram et al., 1996; Coleman et al., 1995; Lung et al., 2002; Monsma et al., 1990; Ravi Ram et al., 2005) have testis EST hits (Andrews et al., 2000; Rubin et al., 2000a) .
Of the 57 Acp candidates previously selected by Swanson et al. (2001a) , seven were eliminated from further study because mutational analysis (per FlyBase (http://flybase.net/)) indicates their phenotypes affect non-reproductive processes.
Sixteen further candidates were removed because they either had EST hits in multiple non-reproductive tissue types or could not be annotated, thus leaving 34 candidate Acps (see http:// www.genetics.org/supplemental/) for list of Acps removed from the previous 57 candidates). It is important to note that secreted proteins found in other tissues, or whose mutants have additional non-reproductive phenotypes may be present in accessory gland secretions. However, we focused on accessory glandspecific candidates since the evolutionary pressures and functions of these genes should be more comprehensible than those of genes expressed in multiple tissues and thus likely having multiple functions.
This selection process resulted in a collection of 52 Acps (Table 2 .1).
Twelve (CG1262 (Acp62F), CG4986, CG6069, CG10284, CG10956, CG11598, CG14034, CG17097, BG642378, BG642312, BG642167, and BG642163) were either not identified in, or have different ORFs from those predicted in, the D. melanogaster five Acp hit counts as though they were not prescreened at all, we obtain a maximum likelihood count of 59 Acps. If the 13 Acps that were successfully pre-screened (or at least were not observed among the sequenced clones) are added back to the estimate of 59 Acps, this yields a prediction of 72 Acp genes in the D. melanogaster genome.
The third method was designed for an unscreened library, and fits the data to a Poisson We then examined the syntenic regions for each Acp individually at the sequence level. In 48 out of 51 cases (51 Acps instead of 52 were compared because Acp53Eb's sequence information has yet to be determined) there were SMASH blocks from a single contig that either bracketed or 'hit' the annotated gene in D. Whenever a significant tBlastN hit in D. pseudoobscura was identified, the corresponding D. pseudoobscura sequence was then return searched against the D.
melanogaster genome (www.flybase.net) via BlastP to determine whether it hit the Acp in question or a protein within a similar sequence/structure function class. In all cases significant D. pseudoobscura tBlastN hits were false positives (ex. D.
melanogaster Acps CG8137 (serpin) and CG9334 (serpin) both hit the D.
pseudoobscura ortholog of CG9456 (serpin)). Alignments and "false-positive D.
melanogaster genes" for Acps whose true ortholog could not be detected via WGA, yet have a significant tBlastN hit in D. pseudoobscura whose return D. melanogaster
BlastP does not match an Acp can be found at http:// www.genetics.org/supplemental/.
Results and Discussion
D. melanogaster Acp genes
Secreted proteins synthesized by the D. melanogaster male accessory gland have important functions in reproduction (reviewed in Chapman and Davies, 2004; Kubli, 2003; Wolfner, 2002) . To address more thoroughly the functions and evolution of these Acp proteins, we carried out a comprehensive identification and annotation of D. melanogaster Acp genes. Prior to 2001, 18 Acp genes had been reported in D.
melanogaster (Chen et al., 1988; Simmerl et al., 1995; Wolfner et al., 1997 Table 2 .1). The Additionally, recently-identified Acps CG8626, CG15616 and CG17799 (Holloway and Begun, 2004) suggest that the field is steadily approaching a complete list of Acps in D. melanogaster.
These 52 D. melanogaster Acps are expected to be extracellular, and thus transferred to the female upon mating and to be produced primarily or exclusively in the male's accessory gland. Indeed, all 16 Acp genes tested so far encode seminal proteins detectable only in the male's accessory gland and transferred to the female during mating (Albright, 2003; Bertram et al., 1996; Chen et al., 1988; Coleman et al., 1995; Lung et al., 2002; Monsma et al., 1990; Ravi Ram et al.) . Additional support that this set of 52 D. melanogaster Acps truly represents accessory-gland predominant genes stems from the finding that 29 out of 46 tested Acp genes showed 2-fold or higher expression values in germlineless males versus germlineless females comparisons (6 Acps were not present on the microarrays) Parisi et al., 2003) .
Presence of multiple Acp gene duplicates across the D. melanogaster genome
About 40% of the D. melanogaster genome (5536 of 13601 genes) appears to be gene duplicates (Rubin et al., 2000b) . Similarly, 16 (31%) of the 52 Acps appear to have gene duplicates ( profiles. This is consistent with the observation that gene duplication events often lead to co-expressed genes that cluster together (Boutanaev et al., 2002) . These nine Acp gene duplicates are found in tandem clusters of paired (or triplicate) genes, and . simulans and D. yakuba, and the D. melanogaster duplicates share the same splice site positions. However, in these seven cases, only one member of each duplicate pair is a member of our 52-Acp collection.
This could be because the collection is incomplete (only 52 of the predicted 70 to106
Acps are described here), or because a given duplicate's expression might not fit our stringent criteria of accessory gland-predominant expression, or because a given duplicate has an entirely different expression pattern. An example of the first is CG17799. This gene duplicate of CG17797 (Acp29AB), has recently been shown to also be expressed in the D. melanogaster accessory gland (Holloway and Begun, 2004), but is not among the 52 genes we focused on here, simply because it was not detected in the Swanson et al. (2001a) EST screen or previous screens. It is likely that other gene duplicates of Acps whose expression profile have yet to be determined may later be identified as Acps. The identification of the Acp gene duplicates will have an impact on future genetic analysis since duplication may introduce genetic redundancy.
Additionally, since many Acps are rapidly evolving, Acps provide a good example to define which evolutionary processes drive the divergence of gene duplicates.
Comparative sequence analysis of the D. melanogaster Acps and their D. simulans and D. yakuba orthologs Several Acps have features indicative of rapid evolution (Aguadé, 1999; Aguadé et al., 1992; Begun et al., 2000; Cirera and Aguadé, 1997; Kern et al., 2004; Kohn et al., 2004; Panhuis et al., 2003; Stevison et al., 2004; Tsaur and Wu, 1997) and Swanson et al.'s (2001a) data suggested that rapidly evolving genes are represented at a high level among Acps. With our larger collection of fully-annotated Acp genes, and the recent release of Drosophila genomic sequences, we could examine this question in detail. We investigated the patterns of codon bias and rates of evolution (by examining rates of nonsynonymous (dN) and synonymous (dS) nucleotide substitutions) for the 52 stringently-defined Acp genes and compared those results to those with a control set of genes that are not expressed in the accessory gland.
Codon Bias: Levels of codon bias have been used as a criterion for detecting rapidly evolving genes in Drosophila (Schmid and Aquadro, 2001) . Although codon bias alone cannot conclusively prove rapid evolution, genes that are rapidly evolving tend to have low codon bias (Schmid et al., 1999) . A previous study of 10 Acp genes (Begun et al., 2000) found that Acp genes tend to have lower levels of codon bias relative to the rest of the Drosophila genome. The 52 D. melanogaster Acp genes defined here as a class, have significantly lower levels of codon bias (Mann Whitney test, P < 0.001 for both Fop and G/C3 rd calculations, Table 2 .3) than the control random sample of D. melanogaster genes of approximately the same length. D.
melanogaster Acp genes do not exhibit significant differences (Fop, Mann Whitney test P=0.612, G/C3 rd Mann Whitney test P=0.302, Table 2 .3) in codon bias from the majority of genes expressed in the testis. Comparing levels of codon bias in the D.
simulans Acp gene orthologs to non-Acp genes we also find that Acp genes exhibit lower levels of codon bias (data not shown). We also determined whether this phenomenon is found in a more distantly related species, D. yakuba. Levels of codon bias in D. yakuba Acps were also significantly lower (Fop, Mann Whitney test, P<0.001, G/C3 rd Mann Whitney test, P<0.001, Table 2 .3) than a collection of D.
yakuba non-Acps (Domazet-Loso and Tautz, 2003) .
Our findings with the extended set of 52 Acps agree with the findings by a High values are associated with codon bias for both the frequency of optimal codons (Fop) and the percentage of GC bases in the third position (%G/C 3 rd ). Mann Whitney test used to test for significant differences low levels of codon bias could be due to rapid rates of protein evolution of Acps (Akashi, 1994) . Drosophila codon bias can also be influenced by sequence length (Duret and Mouchiroud, 1999) , expression level and local GC content. Because short
Drosophila genes tend to exhibit high levels of codon bias (Duret and Mouchiroud, 1999) , and because Acp genes also tend to be short, our control set was selected to be genes of similar length to avoid the contribution of gene length. The unusual levels of codon bias seen for both Acps and testis-genes (Table 2 .3) suggest that malereproductive proteins in general may exhibit lower levels of codon bias. Low levels of codon bias for D. melanogaster testis genes is consistent with their poorly conserved sequence and sex-specific expression pattern when compared to A. gambiae ) or D. simulans (Ranz et al., 2003 , respectively. That male-biased genes evolve more rapidly at the sequence (Singh and Kulathinal, 2000) and expression pattern levels (Meiklejohn et al., 2003) suggests their rapid evolution may not allow adaptation to high levels of codon bias.
Levels of divergence: A high dN/dS ratio can identify genes for which amino acid replacement is being driven by a selective pressure. Acp genes have already been reported to demonstrate higher levels of sequence divergence than non-Acp genes between D. simulans and D. melanogaster (Kern et al., 2004; Stevison et al., 2004; Swanson et al., 2001a) . However, those analyses used only partial sequences or included genes that our present analyses have shown not to fit the stringent definition of Acps in D. melanogaster and thus could be subject to additional or different selection pressures.
Here we compare our complete sequences of a set of stringently-selected D.
melanogaster Acps with their D. simulans and D. yakuba orthologs. Acps exhibit high levels of sequence divergence with average dN values for D. simulans of 0.045 (Table 2 .1), similar to previously reported dN values for D. simulans Acps of 0.052 (Swanson et al., 2001a) and 0.050 (Begun et al., 2000) . The average level of dS for this set of Acps in D. simulans is 0.13 (Table 2 .1), similar to the known average D.
simulans dS value of 0.11 (Bauer and Aquadro, 1997; Begun and Whitley, 2000; Betancourt et al., 2002; Moriyama and Powell, 1997) . We also compared Acp to non- 2005) likely account for these two differences in Acp ortholog detection.
Of the 29 Acps we found conserved between D. melanogaster and D.
pseudoobscura it had been possible to generate comparative structural models to known protein classes for 20 Acps (Table 2 .1) (Mueller et al., 2004) . This represents a greater fraction (20/29 = 69%) than is seen for those D. melanogaster Acps that do not have D. pseudoobscura counterparts (9/21 = 43%). That more proteins within predicted protein functional classes are conserved between D. melanogaster and D.
pseudoobscura suggests that these proteins may mediate reproductive strategies that are conserved across Drosophila. Interestingly, the protease inhibitor class is not well conserved between the two species (Table 2. 1): only one (Acp62F) of seven predicted or known Acp protease inhibitors is identifiable between the two species (Table 2 .1).
The lack of conservation of protease inhibitors between D. melanogaster and D.
(dN/dS) than Acps in other predicted functional classes (Table 2 .5, Part B). Together, these results suggest that D. melanogaster Acps without a true D. pseudoobscura ortholog have greater levels of sequence divergence (dN/dS) within the D.
melanogaster subgroup, than D. melanogaster Acps with a detectable D.
pseudoobscura ortholog. Those D. melanogaster Acps with higher sequence divergence levels which do not share a true ortholog in D. pseudoobscura thus serve as good candidates for mediating reproductive functions in close relatives of D.
melanogaster.
Underrepresentation of Acps on the D. melanogaster X chromosome
As previously reported (Swanson et al., 2001a; Wolfner et al., 1997) , Acps' chromosomal locations are biased to autosomes in D. melanogaster. Only one of the 52 Acps, CG11664, falls on the X chromosome at cytological band 1D2 in D.
melanogaster. The remaining 51 Acps are evenly distributed across the 2 nd (27 Acps) and 3 rd (24 Acps) chromosomes. Given that the X chromosome contains ~17% of the total D. melanogaster genome (Celniker et al., 2002) , if the 52 Acps were randomly distributed across the genome we would expect ~9 Acps of the 52 Acps to fall on the X chromosome and 43 on autosomes. The presence of only a single X-linked Acp is highly unlikely to have occurred by chance (G corr = 7.908, df=1, P=0.005), supporting reports that the D. melanogaster X chromosome is deficient in male-biased genes (Andrews et al., 2000; Ranz et al., 2003; Swanson et al., 2001a; Wolfner et al., 1997 ).
An alternative approach to understanding the chromosomal bias of sex-specific genes is to focus on the region that contains the single X-linked D. melanogaster Acp.
The 50kb region flanking CG11664 is unusual in several respects. First, CG11664
lies in an apparently gene-poor region, with only six other genes within the candidates for examining the selection pressures associated with reproductive functions. We have characterized here such divergent Acps, whose divergence may be attributable to sexually antagonistic evolution with proteins from the female or male (Swanson et al., 2001a; Swanson and Vacquier, 2002) . The female's genotype has been shown to play an active role in sperm displacement (Clark and Begun, 1998) and a recent EST screen identified a number of candidate receptors/sexually antagonistic genes for Acps (Swanson et al., 2004) . Candidate receptors would likely serve as the most upstream female genes in signaling pathways for the numerous biological processes/pathways regulated by Acps, sperm, and the act of mating (McGraw et al., 2004) . The comprehensive set of Acps described here thus provides a basis for understanding both the evolutionary dynamics and function of specific Acps.
This, in turn, may help tease apart the functional importance of male-female interactions during the evolution of reproductive isolation.
